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ABSTRACT 
TRW, under NASA sponsorship, i s  developing an on-board a i r c r a f t  oxygen 
generat ion system. Oxygen i s  generated by water e l e c t r o l y s i s  and carbon 
d iox ide  i s  removed from the rebreather  loop by an e lect rochemical  carbon 
d iox ide  concentrator .  The design ob jec t i ves  are  t o  develop a safe, r e l i a b l e ,  
compact system which would rep lace the present  LOX system, thereby min imiz ing 
the need f o r  ground support  f a c i l i t i e s  and reduce t ime and e f f o r t  requ i red  f o r  
serv ic ing .  The o n l y  p e r i o d i c  s e r v i c i n g  requ i red  i s  t o  r e f i l l  a water reser-  
v o i r  between f l i g h t s .  The system, w i t h  the rebreather  loop, requ i res  o n l y  
the generat ion o f  oxygen a t  a r a t e  equal t o  approximately 1.5 times t h a t  meta- 
b o l i c a l l y  consumed by the user. Th is  system i s  a l s o  app l i cab le  f o r  use i n  
c losed environments such as spacecraf t  and submarines. 
This  paper descr bes the  oxygen system and i t s  design. Pro jec ted  s izes 
and weights fo r  a f u l  y-developed pro to type are  presented. Other app l i ca t i ons  
are  d i scussed. 
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I NTRODUCT I ON 
The c u r r e n t l y  used s to red  l i q u i d  oxygen system which suppl ies b rea th ing  
oxygen t o  a v i a t o r s  i s  c o s t l y  t o  the Government from both manpower and ground 
support  s tandpoints  ( 1 ) " .  
countered, m i l i t a r y  a t t e n t i o n  has been focused on min imiz ing  ground support  
requirements and thereby es tab l  i s h i n g  new "Bare Bases'' t o  support  a v a r i e t y  o f  
t a c t i c a l  missions. Th is  concept has l e d  t o  the long-range goal o f  completely 
e l i m i n a t i n g  the LOX ground support  equipment by rep lac ing  the cu r ren t  LOX sys- 
tems w i t h  on-board e lect rochemical  oxygen generators.  These u n i t s  w i  1 1  r equ i re  
a very minimum o f  ground support  equipment and maintenance. 
accomplishing t h i s  a re  under considerat ion:  
e l e c t r o l y s i s  o f  water and 2 )  the separat ion o f  oxygen from a i r  through the use 
.L 
Due t o  the remote and l i m i t e d  war fare p resen t l y  en- 
Two schemes f o r  
1)  p r o v i s i o n  of  oxygen through the 
/ - o f  an e lect rochemical  c e l l ,  ,or concentrator  (2). 
Each has i t s  own p a r t i c u l a r  advantages and disadvantages. I t  appears t h a t  
both could be app l i ed  i n  the fu tu re ,  dependent on the type o f  a i r c r a f t ,  i t s  
mission, and the l o g i c a l  extens ion o f  equi.pment used. 
The idea l  oxygen supply system w i l l  cons i s t  o f  e i t h e r  o f  the e lect rochemical  
generators and a minimum amount o f  process c o n t r o l  equipment. To compete w i t h  
and even tua l l y  replace cu r ren t  LOX systems, the t o t a l  hardware must be o f  gen- 
e r a l l y  the same weight and volume as the cu r ren t  opera t ion  LOX u n i t s .  
p l  i s h  t h i s  i t  becomes necessary t o  add a rebreather  loop t o  the oxygen gener- 
a t i n g  equipment. I n  t h i s  loop, the oxygen normal ly  exhaled overboard by the 
To accom- 
a v i a t o r  i s  conserved by removing the carbon d iox ide ,  mois ture and odor. With 
t h i s  equipment, the demand p laced upon the oxygen generator  i s  merely t h a t  o f  
.L 
"N umbe rs  i n parentheses des 1 gna t e  References a t  end o f  paper . 
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I 
p r o v i d i n g  the a v i a t o r ' s  metabol ic  needs p lus  the oxygen vented i n  the rebreather 
loop n i t r o g e n  e l  im ina t ion  process ( 3 ) .  
The need f o r  t h i s  combination of equipment i s  r e a d i l y  seen when comparing 
cur ren t  m i l i t a r y  s p e c i f i c a t i o n s  f o r  an a v i a t o r ' s  oxygen requirements (employing 
overboard exhalat ion)  w i t h  the f low r a t e  t h a t  might be expected from an e l e c -  
trochemical source, b u t  w i t h  a rebreather  included. Th is  i s  shown i n  Table 1 .  
A t  sea l e v e l ,  when the p i l o t  i s  b rea th ing  100 percent oxygen, a mask-equipped 
a v i a t o r  w i thout  a rebreather  requi res twenty-three times the oxygen needed by 
the a v i a t o r  w i t h  a rebreather.  As shown i n  Table 1 ,  the s i t u a t i o n  becomes more 
acute when the  a v i a t o r  wears a pressure s u i t .  I n  a d d i t i o n ,  w i t h o u t  a rebreather,  
the power requi red t o  generate oxygen w i t h  cur ren t  electrochemical  techniques 
becomes excessive. The prev ious ly  mentioned a l k a l i n e  e l e c t r o l y t e  oxygen concen- 
t r a t o r  and e l e c t r o l y s i s  c e l l  consume 100 and 250 w a t t s ,  respec t ive ly ,  f o r  each 
0.1 l b  02/hr generated ( 4 ) .  
These f i g u r e s  i n d i c a t e  t h a t  near ly  4kw would be needed a t  sea leve l  t o  
supply oxygen t o  an a v i a t o r  equipped w i t h  a pressure s u i t  and helmet b u t  w i t h o u t  
a rebreather.  By coup1 ing  the rebreather c i  r c u i  t t o  the electrochemical  hardware, 
however, the power requi  rement becomes reasonable (100 wat ts /av ia to r ,  minimum), 
and i t  i s  p r o j e c t e d  t h a t  t h i s  arrangement w i l l  occupy approximately the same v o l -  
ume and possess the same weight as i t s  present-day cryogenic counterpar t .  
NAOS PROGRAM 
Under Contract  No. NAS2-4444, TRW, i n  conjunct ion w i t h  NASA Ames, i s  de- 
ve lop ing an a i r c r a f t  oxygen generat ing system. 
t r o l y s i s  i s  fed  i n t o  the rebreather loop which provides f o r  n i t r o g e n  e l i m i n a t i o n ,  
Oxygen generated by water e lec-  
water removal, and carbon d iox ide  removal. The carbon d iox ide  removal i s  accom- 
p l i s h e d  by an electrochemical  carbon d iox ide  removal device developed by TRW. 
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TABLE 1 
A v i a t o r ' s  Oxygen Requ i remen t s  (100% Oxygen) 
No Rebreather ( 5 )  With R e b r e a t h e r  
Pressure S u i t  E 
He 1 me t -Equi  pped Mask-Equipped 
A v i a t o r  A v i a t o r  
35,000 E S e a  Cab i n A 1  t i  t u d e  f t above Leve, Sea  Leve I 
A1 1 
A1 t i  t u d e s  
--_I_ 
Flow Rate, 70F, d r y  
1 i t e r / m i n u t e  2 . 3  13.1 22 .2  0 .57 
c u b i c  feet/hour 4.9 27 .8  47.0 1.21 
pound/ h o u r  0 .4  2 . 3  3 . 9  0.10 
3 
t o  a 
i e n t  
and 
The e l e c t r o l y s i s  module incorporates s t a t i c  water feed. I n  t h i s  method, 
l i q u i d  water i s  f e d  t o  the  module from a water r e s e r v o i r .  As the water i n  the 
potassium hydroxide e l e c t r o l y t e  i s  e lec t ro lyzed,  i t s  vapor pressure decreases 
value below t h a t  i n  the water  feed compartment. Th is  vapor pressure grad- 
causes a vapor f low from the feed membrane through the hydrogen c a v i t y  
n t o  the c e l l  e l e c t r o l y t e .  
The carbon d iox ide  concentrator  i s  an electrochemical  c e l l  us ing potassium 
carbonate as the e l e c t r o l y t e .  A t  the cathode, the reac t ion  o f  oxygen and water 
forms hydroxyl  ions which a c t  as a "get ter"  o f  carbon d iox ide.  
ox ide  which passes over the e l e c t r o l y t e ,  now r i c h  i n  hydroxyl  ions, reacts  t o  
form carbonate ions. (This reac t ion  i s  the same as t h a t  o f  the f i r s t  stage 
cathode o f  the carbonat ion c e l l  (6) s tud ied  under NASA Contract  NAS3-7638.) 
A t  the opposi te  e lec t rode (anode) the reac t ion  of hydrogen and hydroxyl  ions 
t o  form water causes the  concentrat ion o f  hydroxyl  ions i n  the e l e c t r o l y t e  t o  
decrease. This  s h i f t s  the e q u i l i b r i u m  such t h a t  carbon d iox ide  i s  g iven o f f ,  
completing the t r a n s f e r  o f  carbon d iox ide  from the oxygen compartment t o  the 
hydrogen compartment. 
Any carbon d i -  
Major program tasks are: 1) system design, 2)  s t a t i c  feed water e lec-  
t r o l y s i s  subsystem development, 3) TRW carbon d iox ide  concentrator  development, 
4) power conversion and c o n d i t i o n i n g  component development, 5) accessory com- 
ponen t des i gn , 6) b readboa rd  sys tern deve 1 opmen t , 7) e 1 e c t  rochemi ca 1 componen t 
l i f e  t e s t i n g  and, 8) breadboard system m o d i f i c a t i o n  f o r  f l i g h t  t e s t i n g .  
1 aboratory 
and i t s  con- 
i g h t  t e s t s .  
The developed components w i l l  be in tegra ted  i n t o  a f u l l - s c a l e  
breadboard system. A f t e r  s a t i s f a c t o r y  demonstrat ion o f  the  system 
t r o l  modes, the breadboard system w i l l  be r e f i g u r e d  f o r  a i r c r a f t  f 
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SYSTEM DESIGN 
DESIGN CRITERIA  - The design ob jec t i ves  f o r  NAOS a re  t o  o b t a i n  a safe,  
r e l i a b l e  system o f  low weight and s i z e  which would e l  iminate the need f o r  ground 
support  f a c i  1 i t i e s  and minimize the time and e f f o r t  f o r  maintenance. Studies 
a t  TRW p r i o r  t o  t h i s  program have shown t h a t  a system us ing the  e l e c t r o l y s i s  of 
water t o  generate b rea th ing  oxygen and an e lect rochemical  device t o  remove the 
carbon d iox ide  from a c losed brea th ing  system can success fu l l y  meet these 
ob jec t i ves .  The on ly  p e r i o d i c  s e r v i c i n g  requ i red  i s  t o  r e f i l l  a water r e s e r v o i r  
between f l i g h t s .  The system, be ing a c losed loop, requ i res  the generat ion o f  
oxygen a t  a r a t e  equal t o  t h a t  me tabo l i ca l l y  consumed by the user p lus  an amount 
de t rans fe r ,  and system leakage a t  the l o s t  due t o  n i t rogen  vent ing,  carbon d i o x  
a v i a t o r ' s  mask. 
The system design s p e c i f i c a t i o n s  are  based upon the phys io log i ca l  requ i re -  
ments o f  a p i l o t .  The brea th ing  loop design requirements a re  o u t l i n e d  i n  Table 
2 which a l s o  shows the bas is  f o r  the requirements. These requirements a re  f o r  
t h i s  f i r s t  phase program on ly ,  and w i l l  be rev ised and expanded i n  the l a t e r  
phases of the NAOS development; f o r  example, Item 2 i n  Table 2 w i l l  probably be 
changed t o  a design r a t e  o f  near 0.2 l b /h r  t o  account f o r  the continuous vent ing  
o f  the loop which i s  requ i red  t o  deni t rogenate the p i l o t .  Another requirement 
t h a t  can e a s i l y  be changed i s  t he  ten-hour opera t ing  du ra t i on  which can be ex- 
tended by making the water rese rvo i r  p ropor t i ona te l y  l a rge r .  
Table 3 l i s t s  the design goals f o r  a f u l l y  developed NAOS prototype.  I t  
i s  intended t o  use a i r c r a f t  requirements f o r  f l i g h t  p r o f i l e ,  space a v a i l a b i l i t y  
and serv ices on board as a design guide. Although these requirements and speci-  
f i c a t i o n s  have n o t  been d e t a i l e d  as ye t ,  t h i s  in format ion i s  no t  c r i t i c a l  t o  the 
f i r s t  phase e f f o r t s  on t h i s  program. Some assumptions were the re fo re  made i n  
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TABLE 2 
Breath ing Loop Design Requirements 
Req u i remen t 
1 ,  P i l o t ' s  oxygen consumption - 
. -  0.10 l b / h r  
2. E l e c t r o l y s i s  c e l l  oxygen f low r a t e  - 
0.15 l bs /h r  
3. P i l o t l s  r e s p i r a t o r y  minute volume - 
0.5 CFM (14 l i t e r s / m i n )  
4. Peak instantaneous r e s p i r a t o r y  f l ow  
r a t e  - 1.6 CFM 
3 5. P i l o t ' s  t i d a l  volume - 30 t o  230 i n  
(0.5 t o  3.8 l i t e r s )  
6. Temperature o f  b rea th ing  oxygen to 
p i  l o t  - 60°F t o  90°F (7OoF - 8OoF 
pre fe rab le )  
Bas i s  For Requi rement 
Based on data f o r  l i g h t  work 
t y p i c a l  o f  p i l o t i n g  a i r c r a f t  
P i l o t ' s  consumption p l u s  0.05 
Ib /h r  f o r  C02 concentrator  
consumption 
Typ ica l  f o r  l i g h t  work, a l s o  
ac tua l  measurements on p i l o t s  
Assumes s inuso ida l  r e s p i r a t o r y  
f l ow  
Based on tes ts ,  va r ies  w i t h  
i n d i v i d u a l s  
Comfort 
7. Re la t i ve  humid i ty  o f  b rea th ing  oxygen Comfort 
t o  p i l o t  - 50% maximum 
8. Breath ing loop absolute pressure 
l eve l s  - 3 p s i a  t o  15 p s i a  
Sea leve l  t o  phys io log i ca l  min- 
imum safe  pressure 
9 .  GO concentrat ion i n  b rea th ing  oxygen Well under safe maximum 
$0 p i l o t  - 0.5% by volume maximum a t  
one atmosphere (3.8mm Hg vapor pres-  
sure maxi mum) 
10. C02 produc t ion  by p i l o t  - 0.10 l b / h r  
nomi na 1 
1 1 .  Operat ing du ra t i on  - 10 hours 
Metabol i c a l  l y  cons i s tan t  w i t h  
oxygen consumpt ion 
Typ ica l  oxygen capaci t y  o f  
e x i s t i n g  systems 
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TABLE 3 
Oxygen System Design Goals 
(F i r s  t NAOS P r o  t Q  type) 
Oxygen Genera t i ng Capac i t y  
Oxygen P u r i t y  
Oxygen Supply Pressure 
Oxygen Flow Rate t o  P i l o t ,  average 
Oxygen Temperature t o  P i  l o t  
Peak Respi ratory  Flow Rate 
Oxygen R e l a t i v e  Humidi ty 
System Operat ing Time 
Turn-Around Time 
Sys tern Vo I ume 
System Weight 
System Power 
Rebreather Loop Pressure 
0.20 l b /h r  
99.5% 
65 p s i g  
0.5 CFM 
6OoF t o  90°F 
1.6 CFM 
50% maximum 
I O  hours (+25% reserve) 
5 minutes - water r e f i l l  
L l  f t 3  
5 5 0  l b  
L ~ O O  wat ts  
A i r c r a f t  cabin pressure 
p lus  s p e c i f i e d  pressure 
brea th ing  schedule 
7 
the design o f  the 
power , compressed 
heat  exchange. A 
no c r i t i c a l  dimen 
s t ra  ted 
poss ib i  
essary 
system. 
a i r  f o r  opera t ion  o f  the counter- lung and l i q u i d  coolants  f o r  
These p e r t a i n  t o  the avai  l a b i  1 i t y  o f  e l e c t r i c a l  
so, as shown i n  Table 3 ,  system volume i s  t o  be minimized b u t  
ions have been es tab l i shed f o r  packaging. 
INITIAL SYSTEM DESIGN - The i n i t i a l  system design i s  based upon the c r i -  
t e r i a  o u t l i n e d  i n  Table 2. F igure  1 shows the components requi red and t h e i r  
arrangement. A blower i s  used t o  c i r c u l a t e  b rea th ing  oxygen through the carbon 
d iox ide  concentrator  which removes the carbon d iox ide  from the c i r c u l a t i n g  f l ow  
and t rans fe rs  i t t o  the hydrogen stream on the opposi t e  s i  de of  the concentrator  
c e l l .  Parametr ic t e s t i n g  o f  s i n g l e  c e l l  carbon d iox ide  concentrators  has demon- 
good performance independent o f  oxygen f low ra te .  This r e s u l t s  i n  the 
i t y  t h a t  the blower,  check valve,  and r e c i r c u l a t i n g  loop may n o t  be nec- 
n the system. This  i s  because i t  does no t  appear t h a t  the convect ive 
t r a n s f e r  o f  carbon d iox ide  from the oxygen steam t o  the e lec t rode  i s  s i g n i f i c a n t  
res is tance compared t o  the o v e r a l l  res is tance o f  t r a n s f e r  o f  carbon d iox ide  
from the oxygen t o  the hydrogen gas streams i n  the concentrator .  A t  present  
1 
i s  
ow 
i t  i s  planned t o  r e t a i n  the blower and r e c i r c u l a t i n g  loop i n  the system unt  
t e s t i n g  o f  the  carbon d iox ide  concentrator  module i nd i ca tes  t h a t  the blower 
n o t  required. I n  t h i s  event the system would be s impler ,  w i t h  exha la t i on  f 
going d i r e c t l y  thraugh the concentrator  and back t o  the a v i a t o r .  
The p i  l o t ' s  e x p i r a t i o n  en ters  the counter- lung which accommodates the 
p i l o t ' s  t i d a l  volume dur ing  brea th ing  t o  ma in ta in  the loop a t  constant pressure 
dur ing  the brea th ing  cyc le .  I n h a l a t i o n  oxygen i s  drawn from the c i r c u l a t i n g  
loop through a heat  exchanger used as a dehumid i f ie r .  Th i s  i s  requ i red  because 
the f l ow  i n  the c i r c u l a t i n g  loop w i l l  be about 12OoF and near l y  sa tura ted  w i t h  
water vapor. A separator  downstream o f  the dehumid i f ie r  removes the condensed 
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water and d i r e c t s  i t  t o  a water vent which vents the  water from the brea th ing  
loop. Oxygen from the e l e c t r o l y s i s  c e l l  en ters  through the demand regu la to r  t o  
make up the oxygen consumed by the p i l o t ,  the carbon d iox ide  concentrator ,  and 
system vent ing.  Next, the oxygen i s  heated t o  a comfor tab le l e v e l  f o r  breath-  
ing by the p i l o t .  Dur ing i nha la t i on ,  the counter- lung i s  co l lapsed a l l ow ing  
t h i s  gas t o  e n t e r  the c i r c u l a t i n g  loop. 
Check valves i n  the mask main ta in  the i n s p i r a t i o n  and e x p i r a t i o n  f lows i n  
the proper d i r e c t i o n .  The check va lve  i n  the r e c i r c u l a t i n g  loop prevents "shor t  
c i r c u i t i n g "  i n  the brea th ing  loop. 
This  system can prov ide  pressure breath ing,  i .e. ,  the brea th ing  loop pres- 
sure can be above the cabin pressure.  This  i s  requ i red  a t  cabin a l t i t u d e s  above 
38,000 fee t .  The pressure brea th ing  con t ro l  w i  1 1  ma in ta in  the brea th ing  loop 
pressure constant a t  3 p s i a  a t  a l t i t u d e s  between 38,000 and 43,000 f e e t .  
43,000 fee t ,  loop pressure w i l l  remain a t  e ighteen inches o f  water above ambient 
Above 
pressure. 
Pressure brea th ing  i s  accomplished by us ing a i r  t o  p ressur ize  the ou ts ide  o f  the 
brea th ing  bag i n  the counter- lung. Th is  pressure i s  regulated by an anero id 
A t  cabin a l t i t u d e s  above 43,000 feet ,  pressure s u i t s  a re  requi red.  
device s i m i l a r  t o  those employed i n  cu r ren t  pressure brea th ing  demand oxygen 
regulators .  
Den i t rogena t ion  i s necessa ry  t o  remove the n i t rogen from the brea th  i ng 
loop. The n i t rogen  i s  e l im ina ted  from the body due t o  the  p a r t i a l  pressure grad- 
i en ts  e x i s t i n g  w h i l e  b rea th ing  pure oxygen. The NAOS system w i l l  accomplish 
t h i s  by c o n t i n u a l l y  ven t ing  a small p o r t i o n  o f  the p i l o t i s  exhaled gases. 
Another subsystem i s  shown i n  F igure  2.  The e l e c t r o l y s i s  module requ i res  
a pressure balanc ing system f o r  safe, r e l i a b l e  opera t ion .  Oxygen i s  supp l ied  t o  
the brea th ing  loop, as requi red,  by the demand regu la to r .  The c o n t r o l  o f  the 
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oxygen generat ion r a t e  i s  accomplished by vary ing  the e l e c t r i c a l  power t o  the 
e l e c t r o l y s i s  c e l l .  The c e l l  power c o n t r o l  w i l l  a d j u s t  the e l e c t r i c a l  power t o  
the e l e c t r o l y s i s  c e l l  t o  mainta in  a constant oxygen pressure as monitored by a 
p ress ure t ransduce r . 
A r e l i e f  va lve i n  the oxygen l i n e  i s  used t o  drop the pressure l e v e l  so 
t h a t  the water feed w i l l  be maintained a t  10 p s i  below the oxygen pressure. 
The hydrogen pressure i s  maintained between these pressures by a dome-loaded 
back pressure regu la to r .  A I  1 pressures, therefore,  are referenced to  the oxygen 
pressure which i n  t u r n  i s  con t ro l  l e d  by power t o  the c e l l .  
SYSTEM ANALYSIS - A thermal ana lys is  o f  the NAOS system was conducted t o  
evaluate methods o f  mainta in ing a water balance i n  t h e  carbon d iox ide  concen- 
t r a t o r  c e l l  and t o  determine the  in f luence o f  component var iab les  on the system 
pe r f o rman ce . 
Cool ing o f  the  carbon d iox ide  concentrator  by use o f  a separate heat ex- 
changer i n  the c i r c u l a t i n g  loop was n o t  found t o  be p r a c t i c a l  due t o  the r e l a -  
t i v e l y  low c i r c u l a t i o n  f l o w  compared t o  the sens ib le  heat load. Also, i t  would 
be desi rab le  t o  have near ly  constant cond i t ions  o f  temperature and humid i ty  i n  
the c i r c u l a t i n g  loop t o  avoid l a r g e  temperature and water vapor pressure grad- 
ien ts  i n  the carbon d iox ide  concentrator .  A separate c o o l i n g  system i s ,  there- 
fo re ,  requ i red. 
The e l e c t r o l y s i s  c e l l  can be cooled by evaporat ion o f  water from w i t h i n  
the c e l l  w i t h  the hydrogen and oxygen f lows c a r r y i n g  o f f  the water vapor. 
However, the e l e c t r o l y s i s  c e l l  coo l ing  by water evaporat ion would requ i re  e i t h e r  
much h igher  opera t ing  temperatures o r  much lower pressures than p r e s e n t l y  
spec i f ied .  Operating the e l e c t r o l y s i s  c e l l  a t  a pressure l e v e l  o f  80 p s i a  i s  
des i rab le  i n  t h a t  i t  a l lows a l a r g e r  mass o f  oxygen t o  be s to red  i n  t h e  c e l l  
c a v i t i e s  and oxygen manifolds which r e s u l t s  i n  less s e n s i t i v i t y  t o  p u l s a t i n g  
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f low demands o f  the breath ing loop and provides reserve oxygen f o r  emergencies. 
Operat ing the c e l l  a t  t h i s  pressure and expanding down t o  the brea th ing  loop 
pressure r e s u l t s  i n  a low dew p o i n t  i n  the hydrogen and oxygen feed l i n e s .  This ,  
i n  tu rn ,  was found t o  r e s u l t  i n  very l i t t l e  i n t e r a c t i o n  between the e l e c t r o l y s i s  
c e l l  operat ion and o t h e r  system components. The ana lys is  showed t h a t  the e lec-  
t r o l y s i s  c e l l  opera t ing  temperature may be se lec ted  independent o f  the carbon 
d iox ide  concentrator c e l l  temperature. Var ia t ions  i n  the e l e c t r o l y s i s  c e l l  tem- 
perature w i  1 1  have very small  e f f e c t s  on the carbon d iox ide  c e l l  equi 1 ib r ium 
e l e c t r o l y t e  concentrat ion.  External  forced convect ion cool ing o f  the e l e c t r o l y s i s  
c e l l  was se lected and ana lys is  showed t h a t  the c o n t r o l  of the c e l l  temperature 
could be f a i r l y  coarse. 
Analyses of heat  and mass t r a n s f e r  w i t h i n  the e l e c t r o l y s i s  c e l l  and carbon 
d iox ide  concentrator  c e l l  showed t h a t  the gas condi t ions leav ing these c e l l s  
would be i n  e q u i l i b r i u m  w i t h  the c e l l s .  That i s ,  the gas e x i t s  a t  the c e l l  tem- 
perature and w i t h  the same water vapor pressure as the e l e c t r o l y t e .  
A very important cons iderat ion i n  the system i s  the maintenance o f  a r e l a -  
t i v e l y  constant e l e c t r o l y t e  concentrat ion i n  the carbon d iox ide  concentrator .  
The ana lys is  ind ica ted  t h a t  the carbon d i o x i d e  concentrator  c e l l  water balance 
i s  s e l f - r e g u l a t i n g  i n  t h a t  the e l e c t r o l y t e  concentcat ion w i l l  a d j u s t  t o  mainta in  
a water balance. For example, i f  the c e l l  s t a r t s  t o  "dry out"  the water vapor 
pressure i n  the c e l l  decreases, a l l o w i n g  less water t o  be c a r r i e d  away i n  the 
gas stream. The c e l l  temperature, however, must be c o n t r o l l e d  q u i t e  c l o s e l y  be- 
cause the e q u i l i b r i u m  e l e c t r o l y t e  concentrat ion i s  s e n s i t i v e  t o  smal l changes 
i n  the c e l l  temperature. 
I t  was a l s o  found t h a t  i f  the oxygen consumption by 
t i o n a l  t o  h i s  r e s p i r a t o r y  minute volume thlen the e l e c t r o  
the p i l o t  i s  propor-  
on i n  y t e  concen t ra  t 
the carbon d iox ide  concentrator  w i l l  be independent o f  the  r e s p i r a t o r y  f l o w  
ra te .  The c i r c u l a t i n g  loop f l o w  r a t e  a l s o  has no e f f e c t  on the water balance. 
The e f f e c t s  o f  a l t i t u d e ,  o r  system pressure l e v e l ,  on the system p e r f o r -  
mance was examined. I t  was found t h a t  the  carbon d iox ide  concentrator  e l e c t r o -  
l y t e  concentrat ion w i  1 1  be less s e n s i t i v e  t o  rebreather loop pressure i f  the . .  
pressure i n  the anode gas compartment o f  the c e l l  i s  maintained constant.  Thus, 
t h i s  requi res an absolute back pressure r e g u l a t o r  i n  the hydrogen-carbon d iox ide  
1 ine downstream o f  the carbon d iox ide  concentrator.  
SYSTEM INTEGRATION - A f t e r  completing the i n i t i a l  design o f  t h e  system t o  
meet the design c r i t e r i a  p rev ious ly  discussed and eva lua t ing  the r e s u l t s  o f  the 
system ana\lyses, a complete system design<was performed. This invo lved s e l e c t -  
ing  and in terconnect ing components i n  the system t o  achieve the des i red p e r f o r -  
mance. F igure 3 i s  a p i c t o r i a l  schematic o f  the system. This  schematic shows 
the p r i n c i p a l  components as w e l l  as the r e l a t e d  accessories. Heat r e j e c t i o n  
from the e l e c t r o l y s i s  c e l l ,  carbon d iox ide  concentrator  and dehumid i f ie r  w i  1 1  
be accomplished by gas o r  l i q u i d  c o o l i n g  systems aboard the  a i r c r a f t .  
atures w i  1 1  be c o n t r o l  l e d  by r e g u l a t i n g  the coolant  f low through these components. 
The temperature c o n t r o l s ,  inst rumentat ion f o r  performance moni t o r i n g ,  and warn- 
i n g  alarms f o r  s a f e t y  are p a r t  o f  t h e  system b u t  a r e  omi t ted  from the schematic 
f o r  c l a r i t y .  
Temper- 
Looking ahead t o  a p ro to type f l i g h t  system, c e r t a i n  s a f e t y  features and i n -  
d i c a t o r s  could be used t o  p r o t e c t  the a v i a t o r  and t o  i n f o r m  him o f  mal funct ions 
inc lud ing :  
1 .  O2 p a r t i a l  pressure f o r  hypoxia warning 
2 .  CO p a r t i a l  pressure f o r  hypercapnia warning 
3 .  High component temperatures 
2 
14 
I------ -1 
3 
4. C e l l  vo l  tage change 
5. Wa t e  r s t o  rage rese rve 
6. Low oxygen supply pressure 
The hypoxia warning device would measure oxygen p a r t i a l  pressure i n  the 
mask and warn the a v i a t o r  i f  i t  i s  below a safe l e v e l .  
a i r  leakage i n t o  the system o r  f a i l u r e  o f  the n i t r o g e n  
bon d iox ide  p a r t i a l  pressure would warn the p i l o t  t h a t  
Th is  would be due t o  
vent valve. A h igh  car-  
emergency a c t i o n  i s  re-  
qu i red.  Both o f  these occurrences would actuate an automat ic oxygen purge o f  
the system. High component temperature would i n d i c a t e  t h a t  the c o o l i n g  system 
o r  the component i t s e l f  i s  f a i l i n g .  A s i g n i f i c a n t  change i n  a carbon d iox ide  
concentrator vo l tage o r  e l e c t r o l y s i s  module c e l l  vo l tage would be i n d i c a t i v e  o f  
a problem. I t  may be d e s i r a b l e  t o  incorporate a sw i tch  t o  e l e c t r i c a l l y  bypass 
a c e l l  which has an abnormal vo l tage.  The water reserve i n  the e l e c t r o l y s i s  
module water feed tank could be ind ica ted  by conver t ing the e l e c t r o l y s i s  module 
ampere-hours d i r e c t l y  i n t o  water consumed. Also, a microswitch i n  the water 
r e s e r v o i r  could be t r i p p e d  a t  a predetermined t r a v e l  o f  the diaphragm t o  warn 
o f  a minimum reserve. 
A pressure swi tch i n  the oxygen supply l i n e  would warn o f  a low l e v e l  o f  
oxygen i n  the generat ing network. This a l s o  could be used t o  a c t i v a t e  an emer- 
gency oxygen supply. 
These and o t h e r  sa fe ty  features f o r  a p ro to type NAOS system can be consid- 
ered and evaluated b e t t e r  i n  the l a t e r  phases o f  the program a f t e r  more exper i -  
ence i s  gained and f i r m e r  requirements are establ  ished. 
PROJECTED PROTOTYPE SYSTEM S I Z E  AND WEIGHT - An est imate was made o f  the 
s i z e  and weight o f  the NAOS components f o r  a fu l ly -developed prototype.  These 
are shown i n  Table 4. The est imates are  based on r e f i n e d  c e l l  cons t ruc t ion  
methods and mater ia ls .  Auxi 1 i a r y  component in fo rmat ion  r e f l e c t s  present 
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TABLE 4 
Projected Prototype Sys tem Size and Weight 
F1 i g h t  Size, F1 i g h t  Weigh t ,  
Componen ts 1 nches Pounds 
Electrolysis Cell 3 x 6 ~ 8  16 
C02 Concentrator 
Water Rese rvo i r 
Counte r-Lung 
Blower 
Dehumidifier 
Reheater 
Electrolysis C e l l  Power Control 
Oxygen Demand Regulator 
Oxygen D i t f e re n t i a 1 Re g u 1 a to r 
Hydrogen Back Pressure Regulator 
C O  Concentrator Load Con t ro 1 
H y d rogen Ve n t P res s u re Regu 1 a to r 
2 
Coun ter-Lung P ressu re Con t rol 
Electrolysis Cel 1 Coolant Valve 
C02 Concentrator Coolant Valve 
Dehumidifier Coolant Valve 
Water Vent Valve 
Circulating Loop Check Valve 
Electrolysis Cell Pressure Transducer 
Control Electronics for Coolant Valves 
F i t  t i  ngs , Ducting Connectors 
Total System Size 
8X7X2 
4.1 dia x 5 
5x9. 5x3. 5 
3 dia x 3 
1 xl x5 
1 x 1 ~ 3  
5x6x4.5 
2 d i a  x 1 
2 d i a  x I 
2 d i a  x 1.5 
4 ~ 2 . 5 ~ 2  
2 dia x 1 
3 x 4 ~ 2  
1 d i a  x 2 
1 dia x 2 
1 dia x 2 
1.5 dia x 2 
1 dia x 0.5  
1 dia x I 
3X3X4 
10 
3 . 5  f i l l e d  
2 
1.7 
1 
- 5  
2 . 5  
.2 
- 3  
. 4  
1.5 
. 3  
.6 
.2 
.2 
. 2  
. 2  
. I  
.2 
1.5 
2 . 5  
5x1 4x1 4 45.6 
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technology, n o t  necessar i l y  i n  us ing  e x i s t i n g  components, b u t  i n  manufactur ing 
spec ia l  purpose components. For example, a p roduc t ion  u n i t  would incorporate 
regu la to rs  w i t h  d i r e c t  p o r t i n g  t o  o t h e r  components ra the r  than j o i n i n g  by us ing 
tub ing  and f i t t i n g s .  Components, there fore ,  requ i re  c a r e f u l  system i n t e g r a t i o n  
considerat ions such t h a t  when combined i n t o  a system, the optimum s i z e  and 
weight system i s  obtained. This  i s  n o t  the same as combining optimum components. 
PROTOTYPE MOCK-UP - A mock-up o f  a p ro to type NAOS system was f a b r i c a t e d  t o  
ga in the packaging exper ience and t o  be aware of the packaging considerat ions 
e a r l y  i n  the program. Since n e i t h e r  a package c o n f i g u r a t i o n  nor  s i z e  l i m i t a t i o n  
had been es tab l i shed i t  was decided t h a t  a r e l a t i v e l y  f l a t ,  square package would 
be representa t ive  o f  an a i r c r a f t  system which could, f o r  example, be placed be- 
low an a v i a t o r ' s  seat .  
A s i g n i f i c a n t  e f f o r t  was made t o  design the component in terconnect ions of 
duct ing ,  tub ing  and w i r i n g  f o r  e f f i c i e n t  use of space. Some o f  the component 
shapes were changed s l i g h t l y  f o r  an improvement i n  package envelope. The counter-  
lung and e l e c t r o n i c s  package were examples where m o d i f i c a t i o n  o f  the shape d i d  
n o t  change i t s  performance b u t  d i d  a i d  the package design. 
An assumption was made t h a t  l i q u i d  coo lan t  would be used t o  cool the e lec -  
t r o l y s i s  module, carbon d iox ide  concentrator  and heat  exchanger. Th is  assump- 
t i o n  al lowed these components t o  be more compact s ince  f inned heat  t r a n s f e r  sur-  
face was n o t  requ i red  as w i t h  an a i r  coo l i ng  method. 
Once the package design was completed, the major components were fab r i ca ted  
o f  p a s t i c .  Several o f  the  components such as regu la to rs ,  valves and f i t t i n g s  
were ac tua l  p roduc t ion  pieces w i thou t  i n t e r n a l  p a r t s .  F igure  4 shows the com- 
p l e t e d  pro to type mock-up w i t h  the p r i n c i p a l  components labeled.  F igure 5 shows 
the model w i t h  connections t o  the mask. Th is  mock-up represents the r e s u l t s  o f  
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a d e t a i l e d  design e f f o r t  i n  which a l l  components a re  f e l t  t o  be r e a l i s t i c  i n  
s i z e  and con f igu ra t i on .  A l l  e l e c t r i c a l  and plumbing connections are  accounted 
f o r .  I t  i s  f e l t  t h a t  t h i s  mock-up represents an a t t a i n a b l e  con f igu ra t i on  based 
on the p ro jec ted  e f f o r t s  j n  the  th ree  phases o f  the NAOS program. 
SPACECRAFT APPLICATION 
The spacecraf t  cabin i s  merely an extens ion o f  the rebreather loop volume 
t o  inc lude the complete spacecraf t  cabin r e q u i r i n g  oxygen generat ion and removal 
o f  carbon d iox ide  from t h a t  atmosphere. Pa r t  o f  the rebreather  system, such as 
the n i t rogen  vent va lve (see F igure  3 ) ,  has on ly  l i m i t e d  system a p p l i c a t i o n  such 
as the a i r c r a f t  oxygen system; b u t  the o the r  system components cou ld  be used i n  
spacecraf t  environmental con t ro l  systems. With the complet ion o f  the development 
work performed under the program, the components may prove t o  be compet i t i ve  
w i t h  " s ta te -o f - the -a r t "  regenerable systems c u r r e n t l y  being considered f o r  space- 
c r a f t  app l i ca t i on .  
Various carbon d iox ide  removal systems ( s i  1 i ca  gel-molecular s ieve  systems, 
metal ox ide systems and solid amine s a l t  systems) a re  c u r r e n t l y  be ing  i n v e s t i -  
gated f o r  poss ib le  spacecraf t  usage. Each system has i t s  own inherent  l i m i t a -  
t i o n s  (such as h igh  energy requirements, low capaci ty ,  poor re1 i a b i  1 i t y  and/or 
h igh  weight pena l ty )  and could be replaced by the carbon d iox ide  concentrator .  
The carbon d iox ide  concentrator  should be a r e l i a b l e ,  low weight,  low power 
system tha t  w i  1 1 prove t o  be competi t i v e  w i  t h  the o t h e r  carbon d iox ide  manage- 
ment systems. 
With the s i g n i f i c a n c e  o f  m a i n t a i n a b i l i t y  becoming inc reas ing l y  apparent, 
i t  should be noted t h a t  the e lect rochemical  carbon d iox ide  concentrator  requ i res  
few components. Add i t iona l l y . ,  the major c e l l  hardware components lend themselves 
t o  modu lar iza t ion  and ease o f  replacement. 
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Various types o f  e l e c t r o l y s i s  c e l l s  ( 1  i q u i d  and vapor feed, a c i d i c  and 
bas ic  e l e c t r o l y t e ,  1 i q u i d  and s o l  i d  e l e c t r o l y t e )  a re  c u r r e n t l y  be ing tes ted  f o r  
poss ib le  spacecraf t  usage (7 ) .  The s t a t i c - f e e d  water e l e c t r o l y s i s  c e l l  used i n  
the a i r c r a f t  oxygen system could prove t o  be compet i t ive w i t h  these o t h e r  e lec-  
t r o l y s i s  c e l l s  and be used i n  a spacecraf t  environmental c o n t r o l  system. 
An excel  l e n t  demonstrat ion o f  the appl i c a b i  1 i t y  o f  the carbon d iox ide  con- 
y s i s  c e l l  t o  in tegra ted  spacecraf t  carbon d iox ide  re- cen t ra to r  and the e l e c t r o  
moval and oxygen recovery 
F igure 6. I n  t h i s  system 
systems is shown i n  the general system schematic o f  
the two referenced components a r e  i n t e g r a t e d  w i t h  a 
Bosch carbon d iox ide  reduct ion reactor .  There are no inherent  mater ia ls  balance 
problems i n  t h i s  system and such an i n t e g r a t e d  system should have minimal op- 
e r a t i o n a l  d i f f i c u l t i e s .  
OTHER APPLICATIONS 
Another appl i c a t i o n  i s  the submarine (submerged she1 t e r s  such as the Sealab 
are included i n  t h i s  category).  Cur ren t ly ,  the atomic submarine f l e e t  uses mono- 
ethanolamine (MEA) carbon d iox ide  scrubbers and h igh  pressure e l e c t r o l y s i s  sys- 
tems t o  produce oxygen. Hydrogen and carbon d i o x i d e  are  vented overboard. 
The carbon d iox ide  concentrator  o f  the a i  r c r a f t  oxygen system appears t o  
be an a t t r a c t i v e  s u b s t i t u t e  f o r  the MEA scrubber. The requi red hydrogen f o r  the 
concentrator i s  a1 ready a v a i l a b l e  from the e l e c t r o l y s i s  c e l l  and the advantages 
should be numerous: 1)  b e t t e r  r e l i a b i l i t y ,  2) lower power consumption, 3) no 
organic  v o l a t i l i t y  o r  t o x i c i t y  problems, and 4) good chemical s t a b i l i t y  o f  the 
e l e c t r o l y t e  (MEA i s  n o t  s tab le ) .  
22 
2H20 
. 
-7 
1 60, 
TO SPACECRAFT 
CAB I N 
~ 1 I 
I i 
I 
o2 PLUS 1:  
CABIN A I R  
Q. 
HUM1 D I TY 
E XCHAN GE R 
/ CO,, 140, PLUS 
CABIN A I R  
CAB I N  
, 
FIGURE 6 
SPACECRAFT OXYGEN R E C O V E R Y  SYSTEM 
I 
23 
REFERENCES 
1 .  A. J. Adduci, "Comparison Study of L i q u i d  Oxygen (LOX) Supply System t o  
an Electrochemical Oxygen Supply System," AFFDL-TR-66-193, January 1967. 
2. R. A. Wynveen, "A L o g i s t i c s  Independent Oxygen System f o r  M i l i t a r y  A i r c r a f t , "  
A l A A  Paper No. 66-787 presented a t  A l A A  M i l i t a r y  A i r c r a f t  Systems Meeting, Dal las,  
Texas, October 1966. 
3 .  A. D. Babinsky and G.  L .  Mrava, "The Experimental Evaluat ion o f  An Oxygen 
Rebreather Loop," presented a t  the F i f t h  Nat ional  F1 i g h t  Safety, Surv iva l  and 
Personal Equipment Symposium, San Diego, C a l i f o r n i a ,  September 1967. 
4. G. L .  Mrava and R. A. Wynveen, " A i r c r a f t  Oxygen Systems - The Next Generation,'' 
Aerospace Medical Associat ion Meeting, Apr i  1 1967. 
5. 
Oxygen Systems i n  A i r c r a f t ,  General Spec i f i ca t ions  For," J u l y  10, 1959. 
M i l i t a r y  S p e c i f i c a t i o n  MIL-I-9475A (USAF) , " I n s t a l l a t i o n  Design o f  L i q u i d  
6. A. D.  Babinsky, D.  L. DeRespiris and S .  J .  Derezinski,  "Carbon Diox ide Con- 
cen t ra t i on  System," NASA CR 72086, J u l y  30, 1966. 
7. T. Wydeven and R. W. Johnson, "Water E l e c t r o l y s i s :  Prospect f o r  the Future," 
presented a t  the American Society  o f  Mechanical Engineers A v i a t i o n  and Space 
D i v i s i o n  Conference, Beverly H i l l s ,  C a l i f o r n i a ,  June 1968. 
24 
F I GURES 
Fi g u r e  
No. 
1 B r e a t h i n g  Loop S c h e m a t i c  
2 E l e c t r o l y s i s  Module P r e s s u r e  B a l a n c e  and Control 
3 NASA A i  rc ra f t  Oxygen Sys tem 
4 PJAOS P r o t o t y p e  E n g i n e e r i n g  Mock-up 
5 NAOS Mock-up w i t h  B r e a t h i n g  Mask 
6 S p a c e c r a f t  Oxygen Recovery Sys t em 
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